Senescence is an age-dependent process, ultimately leading to plant death, that in annual crop plants overlaps with the reproductive stage of development. Research on the molecular and biochemical mechanisms of leaf senescence has revealed a multi-layered regulatory network operating to control age-dependent processes. Abiotic stressinduced senescence challenges source-sink relationships and results in significant reduction in crop yields. Although processes associated with plant senescence are well studied, the mechanisms regulating stress-induced senescence are not well known. Here, we discuss the effects of abiotic stress on crop productivity, mechanisms associated with stress-induced senescence, and the possible use of these mechanisms for the generation of plant stress tolerance. We emphasize the involvement of source strength and stability of the photosynthetic apparatus in this process, and suggest a possible role of a perennial plant life strategy for the amelioration of stress-induced senescence.
Plants use a variety of strategies to cope with abiotic stress, depending on the species and on the plant's developmental stage (Mickelbart et al., 2015) . Accelerated senescence and leaf abscission are part of an 'escape' strategy by which plants decrease their canopy size in response to stress (Kooyers, 2015) . While an accelerated plant senescence strategy facilitates the survival of the next generation (i.e. seed production) under stress, annual plant species undergo significant agricultural yield losses, with a concurrent decrease in production and significant economic losses to farmers. During senescence plants recycle nutrients from their source tissues to their reproductive organs and this recycling process is controlled by complex networks regulating physiological, biochemical, and molecular mechanisms (Munné-Bosch and Alegre, 2004) .
Several groups of transcription factors (TFs), including NAC, WRKY, MYB, AP2/EREBP, and bZIP, have been reported to play significant rolesin the regulation of ageinduced senescence in many plant species such as arabidopsis (van der Graaff et al., 2006; Breeze et al., 2011; Woo et al., 2013) , wheat (Gregersen and Holm, 2007) , barley (Parrott et al., 2007) , Medicago truncatula (Michele et al., 2009) , rice (Liu et al., 2008) , and aspen (Andersson et al., 2004) . Interestingly, the same groups of TFs have been shown to also be involved in plant stress tolerance. For example, the overexpression of ANAC092/AtNAC2/ORE1 results in salinity-induced senescence, while senescence is delayed in anac092 knockdown plants (Balazadeh et al., 2010a (Balazadeh et al., , 2010b . Moreover, analysis of the ANAC092 gene regulatory network under stress has revealed that other senescence-associated NAC TFs (senNACs) are also involved in stress-induced senescence. The effects of ANAC092 overexpression have been shown to be associated with H 2 O 2 -mediated signaling (Balazadeh et al., 2010a (Balazadeh et al., , 2010b . The involvement of NAC TFs in stress-induced senescence and its relation to the production of reactive oxygen species (ROS) was further demonstrated through the effects of the overexpression of NTL4 (NAC with transmembrane motif 1-like) in arabidopsis (Lee et al., 2012) , with leaf senescence being induced in NTL4-overexpressing plants. NTL4 promotes ROS production by binding directly to the promoters of AtrbohC and AtrbohE during drought-induced leaf senescence. On the other hand, ROS levels are reduced in ntl4 mutants and the plants display reduced leaf senescence and increased drought tolerance (Lee et al., 2012) . Evidence has suggested that the WRKY family of TFs plays a rolein senescence processes during biotic and abiotic stresses. In switchgrass (Panicum virgatum), many of the WRKY TFs associated with leaf senescence contain several putative ABA-responsive elements and other motifs associated with responsiveness to both senescence and stress signaling (Rinerson et al., 2015) . Overexpression of OsWRKY23 in arabidopsis plants enhances expression of pathogenesis-related (PR) genes and increases plant resistance to the bacterial pathogen Pseudomanas syringae. OsWRKY23 has also been found to accelerate leaf senescence and cell death in darkness, with alterations of the senescence-associated marker genes SAG12 and SEN1 (Jing et al., 2009) . In rice, the overexpression of OsWRKY47 enhances drought tolerance and seed yields while drought-induced leaf senescence is accelerated in the Oswyky47 knockout mutant (Raineri et al., 2015) .
Research on stress-induced senescence has focused on changes in hormonal balance and hormonal crosstalk during stress. Two groups of hormones that display antagonistic effects on leaf senescence, cytokinins (CK) and abscisic acid (ABA), have been studied intensively (Yang et al., 2003; He et al., 2005; Verslues, 2016) . Leaf senescence is usually associated with decreasing endogenous CK levels in leaves (Buchanan-Wollaston, 1997; Noodén et al., 1997) . It has been shown that the concentrations of bioactive CKs decrease during the exposure of plants to water deficit and salt stress (Havlová et al., 2008; Ghanem et al., 2011) . In addition, chlorophyll degradation and disassembly of the photosynthetic apparatus can be delayed by the application of exogenous CK (Badenoch-Jones et al., 1996; He and Jin, 1999) . In agreement with these findings, drought stress-induced degradation of the photosynthetic apparatus is halted in transgenic pSARK::IPT tobacco plants overexpressing IPT, a gene encoding isopentenyl transferase, a key enzyme in CK synthesis (Rivero et al, 2010) . In contrast to CKs, ABA accelerates the leaf senescence process (Zeevaart and Creelman, 1988; Noodén et al., 1997; Aneja et al., 1999; Panavas et al., 1999) and the exogenous application of ABA promotes senescence in rice and maize plants (Ray et al., 1983; He and Jin, 1999) . In barley, exogenous ABA reduces chlorophyll content and affects the transcription of nuclear and chloroplastic genes coding for proteins functioning in photosynthesis and related processes (Yamburenko et al., 2013) . In rice, the NAC-type transcription factor OsNAC2 has been shown to regulate ABA-dependent genes and ABA biosynthesis, promoting leaf senescence by directly activating the expression of chlorophyll degradation-associated genes, leading to reduced stress tolerance Mao et al., 2017) . Ethylene, a hormone with antagonistic effects on ABA action, has also been associated with stress-induced senescence (Anderson et al., 2004; Kazan, 2015) . Ethylene biosynthesis is induced under biotic and abiotic stresses (Yang and Hoffman, 1984; Kazan, 2015) and the manipulation of ethylene synthesis and/ or signaling affects plant stress tolerance. In arabidopsis, the ethylene-insensitive mutants etr-1 and ein-2 displays increased leaf lifespans (Oh et al., 1997) . The production of ethylene under high temperatures causes premature leaf senescence in soybean (Djanaguiraman and Prasad, 2010) . Maize Zmacs6 mutants (ACC synthase 6; a key enzyme in ethylene biosynthesis) showing drought-induced leaf senescence continue to be photosynthetically active (Young et al., 2004) .
Chloroplast breakdown is among the early processes that are initiated upon leaf senescence (Avila-Ospina et al., 2014) . The discovery of the STAYGREEN (SGR) genes suggested an association between stress-induced senescence and chloroplast stability and chlorophyll metabolism (Sakuraba et al., 2014) . Stay-green is a specific term referring to delayed foliar senescence and prolonged leaf greening in plants ( Thomas and Ougham, 2014) . SGR phenotypes mainly derive from alterations in chlorophyll metabolism, either delayed chlorophyll degradation or over-production of chlorophyll (Hörtensteiner and Kräutler, 2011) and can play a role in stress tolerance (Jagadish et al., 2015) . SGR-related genes in arabidopsis have been shown to have significant roles in regulating leaf senescence and chlorophyll breakdown under both abiotic and biotic stress-induced senescence (Sakuraba et al., 2014) . Mutations in the NONYELLOWING 1 (NYE1) and STAYGREEN-LIKE (SGRL) homolog genes of arabidopsis cause plants to exhibit a persistent green color of leaves under high salinity, drought, heat, and high light stresses, indicating a role of these genes in stress-induced senescence pathways (Ren et al., 2007; Sakuraba et al., 2014) .
Chloroplasts are the main source for nutrient remobilization during senescence (Diaz-Mendoza et al., 2016) and up to 70% of the leaf nitrogen is sequestrated in chloroplasts. However, the main proteolytic site of chloroplast products is in the plant central vacuole. Several vesicular trafficking pathways have been suggested to control the movement of proteins from chloroplasts to their digestion site in the central vacuole (Xie et al., 2015) . The first and most studied of these pathways is autophagy, which has been proposed to specifically deliver stromal proteins to the vacuole during senescence (Xie et al., 2015) . Although autophagy genes have been reported to be up-regulated during abiotic stress (Zhou et al., 2014; Li et al., 2015; Wang et al., 2017) , the down-regulation of autophagy in plants has been shown to have negative effects on abiotic responses. Leaf senescence has been found to be accelerated in all autophagy mutants identified so far, and plants are unable to survive stress conditions (Doelling et al., 2002; Hanaoka, 2002; Surpin et al., 2003; Yoshimoto, 2004; Xiong et al., 2005; Avila-Ospina et al., 2014; Zhou et al., 2014; Zhai et al., 2016) . The second pathway identified for chloroplast degradation is mediated by highly proteolytic senescence-associated vacuoles (SAVs) (Otegui et al., 2005; Martínez et al., 2008) . SAVs have been reported to play a role only in age-induced chloroplast degradation and the trafficking of stromal proteins (Otegui et al., 2005; Martínez et al., 2008) . Recently, a third pathway for chloroplast degradation, named Chloroplast Vesiculation (CV), has been described in arabidopsis. Interestingly, although with relatively low similarity, CV genes have been identified in all sequenced plant genomes (Wang and Blumwald, 2014) . CV-mediated chloroplast degradation is induced by various abiotic stresses, including water deficit, salt, light, and oxidative. The CV-containing vesicles (CCVs) have been shown to contain chloroplast degradation products from both stromal and thylakoid proteins, and mobilize proteins from the chloroplast to the vacuole. Plants overexpressing CV display chloroplast breakdown and accelerated senescence while CV-silenced arabidopsis show enhanced tolerance to abiotic stresses (Wang and Blumwald, 2014) .
Timing of senescence is critical, particularly for annual crop production. Natural and stress-induced senescence share some mechanisms. However, under stress conditions, senescence processes are more accelerated than under natural conditions, affecting agronomic traits including carbohydrate/nitrogen (C/N) use efficiency and yield (Thomas and Howarth, 2000; Gregersen et al., 2013) . The balance between C and N during sink-source transitions plays critical roles in the induction of senescence (Masclaux-Daubresse et al., 2010) and senescence is of fundamental importance for the remobilization and relocation of nutrients. Thus the modification of senescence and source-sink relationships might be a useful tool to improve yields in grain crops, particularly under a changing climate (Jagadish et al., 2015) .
Stress-induced senescence and crop yield
Biotic and abiotic stresses cause loses of between 20-70% in agricultural production worldwide (Datta, 2004) . Drought, heat, cold, nutrient deficiency, and excess of salt or toxic metals are major environmental factors limiting plant productivity and affecting food quality in agriculture (Zhu, 2016) . Under field conditions, crops are exposed to a combination of stresses occurring simultaneously (Mittler, 2006) . Climate change and global warming will probably increase the frequency of extreme weather events (Porter and Semenov, 2005) , generating further stressful conditions and more severe damage. This trend is also emphasized in climate change versus crop production models, and it is estimated that these changes will create yield reductions of major crops such as corn, wheat, and rice (Mickelbart et al., 2015) , representing a new challenge for crop improvement and plant biotechnology for the development of new crop varieties with enhanced tolerance to abiotic stress.
Environmental factors affect several plant mechanisms at the molecular, morphological, and physio-biochemical levels . These factors affect yield and productivity by altering plant metabolic homeostasis and modifying source-sink relationships (Albacete et al., 2014) . Two main processes are involved in the modification of the source-sink relationship under stress conditions: (i) abiotic stress induces premature leaf senescence and yellowing due to degradation of chlorophyll and other chloroplast components, causing reduced photosynthetic activity at the source tissues and decreased source strength (Pérez-Alfocea et al., 2010) ; and (ii) decreased consumption in the sink tissues leads to accumulation of assimilates in the source leaves, producing photosynthesis feedback inhibition (Albacete et al., 2014) . Both processes are co-ordinated and interconnected, and therefore manipulation of these processes might lead to an important strategy for yield improvement (Albacete et al., 2014) . It has been shown that improvement of the sink activity (using photoassimilates) by manipulating different genes related to C metabolism can increase the tolerance of different crops to abiotic stresses (Koonjul et al., 2005; Oliver et al., 2005; Wang et al., 2008) .
Regarding source strength, it has been shown that delaying tissue senescence and maintaining photosynthetic capacity at the source during grain filling is associated with increased yield under drought stress (Gregersen et al., 2013) . In addition, co-ordinating assimilate transport from source to sink, increasing the sink strength, and avoiding feedback inhibition may also contribute to delaying leaf senescence and thus increasing crop productivity under different environmental conditions (Pérez-Alfocea et al., 2010) . Thus, reduced assimilate transport availability under stress-induced senescence is a limiting factor for growth and productivity.
Different approaches have been used to delay senescence in crop plants. The production of CK and ABA, hormones associated with the regulation of leaf senescence and sourcesink relationships, has been targeted . In wheat, ABA and CK are involved in controlling drought-induced senescence; specifically, high levels of ABA enhance plant senescence and C remobilization, resulting in accelerated grain-filling rate (Yang et al., 2003) . Rice plants overexpressing a CCCH-tandem zinc finger protein (OsTZF1) display drought and salinity tolerance. This is achieved by delaying ABA-induced senescence, possibly through the control of RNA metabolism of stress-responsive genes (Yang et al., 2003) . The modification of hormone homeostasis improves grain yield by delaying stress-induced senescence Reguera et al., 2013) . generated transgenic rice plants expressing an IPT gene (encoding a CK biosynthesis enzyme) driven by the maturation-and stress-induced SARK promoter. Stressinduced changes in CK content generate changes in the transgenic plant hormone balance that result in the modification of source-sink relationships and produce a stronger source strength of the transgenic plants under water deficit conditions, with higher grain yield and improved grain quality .
The inhibition of photosynthesis and the degradation of the photosynthetic apparatus are primary effects of abiotic stresses (Dangl et al., 2000) . Thus, strategies to protect and maintain the functionality of chloroplasts are advantageous in order to sustain crop productivity during stress. Several studies in crops such as maize, rice, and wheat have shown a positive correlation between extending leaf greening and yield production under abiotic stress conditions (Hafsi et al., 2000; Fu et al., 2011; Messmer et al., 2011) . Knockdown of OsCV in rice plants leads to delayed chloroplast degradation, prolonged photosynthesis, and increased grain yield production under water-deficit conditions. The sustained C assimilation in the OsCV-silenced plants correlates well with improved N-assimilation under stress (N. Sade, K. Umnajkitikorn and E. Blumwald, unpublished results).
A delay in chloroplast turnover may affect the remobilization of N to the sink organs (flowers and seeds) (Liu et al., 2008) . Although delayed senescence could lead to higher grain yield, it may also decrease N remobilization efficiency (NRE), leading to a decreased grain protein content (MasclauxDaubresse et al., 2008 (MasclauxDaubresse et al., , 2010 Havé et al., 2016) . A possible strategy to overcome this issue is the modification of leaf senescence only under stress conditions (through the use of stress-induced promoters or chemically induced promoters). Several reports in annual crops and feedstock perennials have shown that this strategy is viable (Xu et al., 2009; Merewitz et al., 2010; Kuppu et al., 2013; Décima Oneto et al., 2016) .
With regards to sink strength, attempts to improve crop yields under stress conditions have involved the manipulation of C metabolism and the flux of photoassimilates from sources to sinks. For instance, promoting starch accumulation in sources and sinks impinged on C source accumulation and feedback inhibition of photosynthesis, delaying senescence and, at the same time, maintained the sink capacity to import C (sink strength) Albacete et al., 2014) . The source-to-sink regulation of C metabolism and fluxes under stress is a complex process that involves hormone homeostasis (Albacete et al., 2014) . For example, up-regulation of a cell wall invertase (CIN1) under the control of the senescence-activated SAG12 promotor activates a carbohydrate flux that represses ethylene biosynthesis (Munne-Bosch and Alegre, 2004), leading to delayed senescence (Balibrea et al., 2004) . Interestingly, gibberellic acid (GA), brassinosteroids (BRs), auxins, and CKs seem to play a role in the regulation of cell wall invertase, promoting sink strength and assimilate import in actively growing tissues (Roitsch and González, 2004) . The overexpression of CIN1 under the control of a fruit-specific promoter in tomato results in a higher water use efficiency (WUE) and increased tolerance to water stress, due to increased photosynthetic activity at the source and decreased water use as a result of reduced transpiration (Albacete et al., 2014) . Albacete et al. (2014) speculated that these effects are a result of changing the CK/ABA ratio and/or changes in sucrolytic enzyme activities in the leaves. Those observations demonstrate that the synthesis of photoassimilates and their distribution can affect stomatal aperture, regulating senescence and other stress-induced responses.
Expanding our knowledge on the physiology, biochemistry, and molecular responses involved in stress-induced senescence will contribute to the development of new cultivars able to minimize yield losses under environmental stress conditions. In this context, modifying plant responses to stress-induced senescence seems to be an appropriate strategy to improve crop yields , Reguera et al., 2013 . Interestingly, perennial crops are characterized by a distinct source-sink signaling when compared to annual crops (Burnett et al., 2016) and their stress-induced senescence is regulated differently (Munné-Bosch, 2008) . Thus, the biotechnological manipulation of plant senescence and source-sink relationships in perennial crops could provide novel strategies for food and feedstock production under a climate change scenario.
Annual and perennial senescence strategies
Almost all of the major grain crops cultivated presently are herbaceous annuals and opportunities to replace them with more long-lived perennial species have been poorly explored. This follows the assumption that the perennial life cycle is associated with a lower potential yield, due to a reduced allocation of biomass and N to grains (Benech Arnold et al., 1992; Cox et al., 2002 Cox et al., , 2006 . Nevertheless, given the global shortage of fresh water and the increase of marginal lands that reduce crop growth and yields in annual plants, herbaceous perennial crops could offer important traits to contribute to mitigating the consequences of climate change (Cox et al., 2002 (Cox et al., , 2006 Glover and Reganold, 2010) . In addition, perennial grasses are predicted to account for a considerable amount of renewable fuels in the near future, placing great interest in their germplasm development (Carroll and Somerville, 2009) .
Annual and perennial plant species generally adopt different strategies to ameliorate environmental stress. Through stress-induced senescence, annual plants escape stress by accelerating their transition to a reproductive stage and enhance biomass allocation and nutrients for seed production (Albacete et al., 2014; Schippers et al., 2015) . Although this trait ensures the survivability of the crop's next generation, it also results in major yield losses. Perennial plants avoid stress by developing larger and deeper root systems and having different source-sink transitions, allocating biomass and nutrients to vegetative growth (i.e. roots and shoots) as a main strategy (Zwicke et al., 2015) . In herbaceous perennial plants, sinks with differential function and behavior under stress conditions have been described. Roots are an important organ contributing to abiotic stress avoidance, especially under drought or low-nutrient conditions when higher allocations of C and N to roots are needed to survive the adverse growth conditions, and the plants recover after the stress period (Zwicke et al., 2015) . In perennials, an important sink organ involved in stress tolerance is the meristematic tissue (meristematic leaves and crowns) that have the capacity to remain alive, ensuring growth once the stress episode has ended (Munné-Bosch, 2008) . Several studies have shown the accumulation of soluble sugars and fructans (water-soluble carbohydrates) in meristematic tissues of perennials (Pollock and Cairns, 1991; Janeček et al., 2011; Jensen et al., 2014) . These compounds are known as cell membrane stabilization compounds, maintaining cell integrity and playing roles as antioxidants (Volaire et al., 1998; Peshev et al., 2013) . The meristems can act as a source of C in the regrowth process after stress, improving plant survival (Volaire et al., 1998) . Regarding seed yield and C and N allocation to reproductive sinks in perennials, there is scant information. However, some studies have reported the possibility to increase grain yield without any penalty in perennial organs (Piper and Kulakow, 1995; Ploschuk et al., 2005) . Additional knowledge about reproductive responses and C and N fluxes from sources to sinks and their changes during stress conditions may contribute to improve perennial grain crops. For example, a comparison between annual and perennial Lesquerella crops subjected to different water and N availability has shown that the perennial variety displays greater root and vegetative shoot allocations with lower allocation to other reproductive structures as compared to the annual variety (Ploschuk et al., 2005) , suggesting that the perennial survival strategy is to establish an equitable tradeoff between vegetative (root and rosette) and reproductive organs. Munné-Bosch (2008) suggested that although cellular, biochemical, and transcriptional events occurring during leaf senescence in perennial and annual grasses are similar, whole-plant stress-induced senescence is regulated differently. In annuals, abiotic stress such as water deficit will induce leaf senescence at the whole-plant level, starting in older leaves first and progressing later to younger leaves, leading to remobilization processes to seeds and, eventually, to plant death. In contrast, temperate perennial grasses gradually decrease leaf elongation, and induced-senescence processes only occur in the oldest leaves (Volaire and Norton, 2006) . In agreement with this notion, under stress conditions, some perennial plants experience only mild chlorophyll loss in young leaves while thylakoid membranes remain intact, similar to stay-green phenotypes (Griffiths et al., 2014) . This phenomenon maintains photosynthesis in young tissues, contributing to N and C assimilation and enhancing the source strength. Although the molecular mechanisms are not clear, it has been shown that young leaves of some perennial resurrection grasses can block senescence signaling pathways, attenuating ABA-induced senescence (Griffiths et al., 2014) , and changing the CK/ABA ratio contributed to stress tolerance in the perennial creeping bentgrass Agrostis stolonifera (Merewitz et al., 2010) . Thus, it is possible to speculate that during stress-induced leaf senescence there might be a relative advantage for perennial plants in having longer green-leaf duration, maintaining photosynthesis and enhancing source assimilation (Glover and Reganold, 2010; Jaikumar et al., 2014) . The possibility has been raised that in perennials photosynthesis is less damaged under low temperatures than in annuals, resulting in higher source strength and stored C reserves (Wingler, 2015) . This could also actively contribute to enhance growth once the period of low temperature ends. Zwicke et al. (2015) measured drought survival and recovery of different perennial temperate grasses, taking leaf senescence as an indicator of drought vulnerability, and showed an inverse correlation between leaf senescence and plant survival, indicating that under drought conditions temperate perennial species with slower stressinduced senescence have a clear advantage over perennials with faster stress-induced senescence (Zwicke et al., 2015) . In controlled greenhouse experiments, two perennial cocksfoot (Dactylis glomerata) grasses differing in their stress tolerance where shown to have differences in tiller survival after stress. The tolerant variety maintained a bigger root system, slower growth rate, and better water-soluble carbohydrate accumulation and allocation (Volaire and Thomas, 1995; Volaire et al., 1998) . Another comparison between a drought-tolerant cocksfoot and a drought-tolerant annual barley (Hordeum vulgare) under stress conditions revealed increased stress tolerance and slower senescence of aerial parts of the perennial grass even though both species were experiencing the same soil water potential (Volaire, 2003) .
Although efforts are being directed at improving the grain yield potential of perennial grains (e.g. https://landinstitute. org/our-work/perennial-crops/, last accessed 29 June 2017), most studies have been focused on genetic approaches by traditional breeding techniques (e.g. direct domestication and wide hybridization) (Glover and Reganold, 2010) . C/N allocation to vegetative growth instead of grains in perennial plants represents a significant bottleneck for the improvement of grain yield. However, some researchers believe that this trade-off between perenniality and grain is not inevitable (Cox et al., 2002; Glover and Reganold, 2010) . Moreover, efforts should be focused on improving the reproductive sink strength of perennials (similar to what it has been done for decades in annuals) in order to increase the C/N allocation. Overall, new biotechnological tools such as gene editing and the availability of genome sequences in combination with traditional breeding and physiological studies have the potential for the development of high-yielding perennial crops with enhanced tolerance to abiotic stress.
Conclusions and perspectives
Plant senescence has been studied extensively and a number of senescence-associated pathways comprising a large number of genes have been identified. In recent years, the manipulation of stress-induced senescence has been suggested as a viable strategy for the generation of stress-tolerant plants, and several genes/pathways have been shown to be associated with different mechanisms regulating this process (Table 1) . Stress-induced senescence is a complex response affecting many processes, including amongst others plant hormone homeostasis, source strength (C and N assimilation), and source-sink relationships (C and N allocations). Understanding the mechanisms behind these processes can provide effective strategies for crop improvement. Moreover, research aimed at gaining insight on the effects of stressinduced senescence on source-sink relations in both annuals and perennial crops will contribute to the development of stress-tolerant cultivars that are able to face the challenges of a changing climate and an exponential growth in the world population.
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